Ghost diffraction and ghost imaging are investigated in a lensless imaging system. The evolution process from ghost diffraction to ghost imaging is discussed when the object is moved far away from the source in the test arm. The relation of ghost diffraction and imaging is also studied, and it is found that the visibility of ghost imaging is always better than that of ghost diffraction.
Introduction
Not long ago, two-photon imaging, interference, and diffraction were performed based on entangled photon pairs generated by spontaneous parametric downconversion [1, 2] . These results led to a very lively debate on the question of whether or not quantum entanglement is necessary to realize correlated imaging. Soon Bennink et al. first demonstrated experimentally that it is not necessary [3] . Because ghost imaging with classical thermal light provided more potential applications by comparing with that under an entangled source, classical correlated imaging has been studied extensively in recent years, both experimentally and theoretically [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . While the lower visibility with thermal light becomes the obstacle for wide use of the imaging technique. To solve the problem, some efforts turned to higher order ghost imaging [14] [15] [16] [17] [18] .
Note that a lensless imaging system that does not include any imaging lenses has attracted much attention in recent years [7, 8] , and such a scheme seems quite promising for imaging applications in x ray, γ ray, or other wavelengths where no effective lens is available. A conventional lensless imaging system is shown in Fig. 1 . The pseudothermal source is prepared by illuminating a pulsed Nd:YAG laser into a slowly rotating ground glass [19] . A nonpolarizing beam splitter (BS) splits the incident thermal light beam into two beams, which travel along the test and reference arms, respectively. The object is placed at a distance z 1 from the source, and a CCD camera is placed at a distance z 2 from the object in the test arm. As for the reference arm, only a CCD camera is placed at a distance z from the source. When CCD-1 is used as a pixel-like detector, the Fourier-transform image of the object imaged can be obtained. When z 1 ¼ z and z 2 ¼ 0, the scheme becomes a direct ghost imaging system. Here CCD-1 is used as a bucket detector to collect all light passing through the object. Note that some research groups focused on the lensless imaging system [7, 8] . However, all of the above experimental and theoretical work analyzed only ghost imaging or ghost diffraction; the evolution process from ghost diffraction to ghost imaging was not mentioned. In this paper, ghost diffraction and imaging are discussed in the lensless imaging system. We show the evolution from ghost diffraction to ghost imaging by moving the 0003-6935/11/326098-05$15.00/0 © 2011 Optical Society of America object far away from the thermal source in the test arm. During this process, we also find that the visibility of ghost imaging is always better than that of ghost diffraction.
Model and Analytical Results
For the lensless imaging system shown in Fig. 1 , we can retrieve the information of the object imaged by measuring the spatial correlation function of the intensities detected by CCD-1 and CCD-2, which may be recorded with the coincidence rate [4, 20] :
is the transverse position of the ith detector, hI i ðu i Þi is the intensity distribution on the ith detector, and Gðu 1 ; u 2 Þ is the correlation function of intensity fluctuations depending on both paths. It should be noticed that the first term hI 1 ihI 2 i cannot be used to implement correlated imaging-it only contributes a background. So all the object information is contained in the second term, i.e., the intensity fluctuation correlation. Here we have [7, 20] 8 < :
where x i represents the location of the source plane, Γðx 1 ; x 2 Þ is the first-order correlation function of the source, and
Þ is the response function for the ith arm. For the lensless imaging system, the impulse response functions can be expressed as [7] 
where tðx 0 Þ denotes the object transmission function. For incoherent light, we assume that its intensity distribution is of the Gaussian type. Then the firstorder correlation function for completely incoherent light source can be written as
where G 0 is a normalized constant and a is the transverse size of the source. The normalized intensity correlation can be obtained by substituting Eqs. (3)- (5) into Eq. (2). During this process, a further point that should be noted is that a pixel-like detector (
is used in the test arm for the Fourier-transform image, and a bucket detector is used for the object image.
Numerical Results
In this section, we give the numerical simulations to demonstrate the above results. diffraction patterns of the double slit are obtained, and the diffraction pattern becomes narrower with the increasing visibility when the double slit is moved far away from the source. The change of the diffraction pattern can be explained based on the analytical result. From Ref. [7] , the analytical expression of the intensity fluctuation correlation function can be obtained when we assume that the source is large enough and the intensity distribution is uniform IðxÞ ¼ I 0
where TðqÞ is the Fourier transformation of tðx 0 Þ. According to the diffraction theory of classical wave optics, the diffraction pattern of an object illuminated by coherent laser pulses can always be obtained in the Fourier-transform plane of the object. It is well known that the diffraction pattern observed after the distance d from the object is twice as narrow as the one observed at 2d. When the object is moved far away from the source, which corresponds to a decrease of z 2 , a narrower diffraction pattern can be observed.
The increasing visibility can be understood as follows: an increase of z 1 leads to an increase of the transverse coherence width of the pseudothermal radiation at the object plane Δx n ∝ λz 1 =d 0 , where d 0 is the diameter of laser spot on the ground glass. Then the increasing transverse coherence width results in an increase of the visibility, as shown in Refs. [21, 22] . Then we successively move the object far away from the source based on the condition of z 1 ≥ z=2, and CCD-1 is used as a bucket detector-the corresponding results are shown in Fig. 3 . First a distortional Fourier-transform pattern of the double slit is observed when z 1 ¼ 100 mm. If we continuously move the object, the image of the double slit is presented gradually. Especially, we find that the imaging information from the intensity fluctuation correlation is changed from the Fourier-transform image to the object image of the double slit when the object is close to CCD-1 (here z 1 ¼ 170 mm is chosen). The resolution of the image is not good, and it definitely needs to be improved. At the same time, the visibility is quite small. Finally the object is placed at z 1 ¼ 175 mm; here CCD-1 is used to collect and count the photons that are scattered and transmitted from the double slit. The result shows that the resolution of the image is improved greatly with the increased visibility.
Next we want to enquire about the difference of the visibility between ghost diffraction and ghost imaging in the lensless imaging system. Following the definition presented in Ref. [20] , the visibility is given by
where Gðu 1 ; u 2 Þ and G ð2Þ ðu 1 ; u 2 Þ can be obtained by substituting Eqs. (3)- (5) into Eqs. (1) and (2); then we can obtain the numerical results of the visibility by using Eq. (7). Based on the above discussion, the visibility successively increases with an increasing z 1 . Thus the visibility of ghost imaging should be better than that of all ghost diffraction. To confirm the conclusion, we depict in Fig. 4 the dependence of the visibility on the transverse size of the source for different z 1 . Here we only give the visibility of ghost diffraction under z 1 ≤ z=2 because the diffraction pattern will be distorted when z 1 ≥ z=2, as shown in Fig. 3 . Obviously, the visibility of both ghost diffraction and ghost imaging gets worse with an increase of a, which coincides with the experimental results in Refs. [21, 22] . We also note that the visibility of ghost diffraction increases when the object is moved far away from the source, and the visibility of ghost imaging is always better than that of ghost diffraction.
Conclusions
In conclusion, we have investigated ghost diffraction and ghost imaging in a lensless imaging system. The evolution process between ghost diffraction and ghost imaging is presented when the object is move far away from the source in the test arm. The results show that the visibility of ghost diffraction increases with an increase of z 1 , and the visibility of ghost imaging is always better than that of ghost diffraction. 
